Background and aims Mineralization of soil organic matter (SOM) constitutes a major carbon flux to the atmosphere. The carbon use efficiency (CUE) of the saprotrophic microorganisms mineralizing SOM is integral for soil carbon dynamics. Here we investigate how the CUE is affected by temperature, metabolic conditions, and the molecular complexity of the substrate. Methods We incubated O-horizon soil samples (with either 13 C-glucose or 13 C-cellulose) from a boreal coniferous forest at 4, 9, 14, and 19°C, and calculated CUEs based on the amount of 13 C-CO 2 and 13 C-labelled microbial biomass produced. The effects of substrate, temperature, and metabolic conditions (representing unlimited substrate supply and substrate limitation) on CUE were evaluated. Results CUE from metabolizing glucose was higher as compared to cellulose. A slight decrease in CUE with increasing temperature was observed in glucose amended samples (but only in the range 9-19°C), but not in cellulose amended samples. CUE differed significantly with metabolic conditions, i.e. CUE was higher during unlimited growth conditions as compared to conditions with substrate limitation. Conclusions We conclude that it is integral to account for both differences in CUE during different metabolic phases, as well as complexity of substrate, when interpreting temperature dependence on CUE in incubation studies.
Introduction
The world's soils store very large quantities of carbon (3000 Pg; Tarnocai et al. 2009 ) several times the amount of CO 2 -C in the atmosphere. Therefore, even small changes in the soil carbon pool can have profound effects on atmospheric CO 2 levels and, thus, the global climate (IPCC 2013; Schlesinger and Andrews 2000) . The part of the CO 2 soil flux originating from mineralization of SOM is controlled by microbial activity and how microorganisms partition the decomposition of OM between energy yielding processes associated with CO 2 production (catabolic processes) and microbial biomass growth (anabolic processes).
This relationship between anabolic and catabolic activity is often represented in terms of carbon use efficiency (CUE), a measure of the proportion of the utilized carbon source that is converted into microbial biomass (del Giorgio and Cole 1998; Winzler and Baumberger 1938) . Changes in the CUE of saprotrophic microorganisms in response to increases in temperature could potentially have large effects on overall terrestrial soil CO 2 emissions. Moreover, it is vital to understand how the CUE varies with temperature in order to reliably quantify the associated feedback effects and their impact on climate change (Allison et al. 2010; Wetterstedt and Ågren 2011) .
Previous studies have demonstrated that the CUE depends on a range of factors, including the temperature and nutrient availability, as well as the composition of the available carbon sources (Frey et al. 2013; Manzoni et al. 2012; Steinweg et al. 2008) . The reason why CUE is sensitive to SOM composition is that the degradation of more complex SOM structures requires a greater number of enzymatic steps (Bosatta and Ågren 1999) and hence higher investment in enzymes and also higher activation energy (Bosatta and Ågren 1999) , as compared to more readily available compounds.
The general understanding of how the CUE of saprotrophic bacteria and fungi is affected by temperature is that it decreases as the temperature increases (Farmer and Jones 1976; Hall and Cotner 2007; Mainzer and Hempfling 1976) . This is primarily because the rate of maintenance respiration increases more rapidly than that of new microbial biomass production. The increased rate of maintenance respiration at higher temperatures is attributed to increases in the amount of energy required to maintain ion gradients across the cell membrane and to the increased rate of protein turnover (Farmer and Jones 1976; Hall and Cotner 2007; Mainzer and Hempfling 1976) . Despite the general understanding of how CUE is affected by temperature, studies have demonstrated contradictive results, some studies showing a limited response to an increased temperature (Devevre and Horwath 2000; Dijkstra et al. 2011b) while others have shown a decreased CUE with increased temperature (Devevre and Horwath 2000; Frey et al. 2013; Steinweg et al. 2008) . The comparatively large amount of energy required to decompose molecularly complex constituents of OM may also have a greater overall impact on the CUE than the temperature (Dijkstra et al. 2011b; Wetterstedt and Ågren 2011) .
Empirical investigations into the relationship between CUE and the quality of the available organic material have primarily focused on feeding soil microorganisms with different carbon monomers (Dijkstra et al. 2011a; Drotz et al. 2010a; Frey et al. 2013; Shields et al. 1973 ) rather than carbon polymers. Because monomers can be taken up directly into the cell without the involvement of extracellular enzymes, which are required to degrade polymers, the CUE for the decomposition of monomers can be expected to be higher than for polymers. Thus, CUE derived from investigations based on mineralization of more complex, polymeric compounds should be more relevant for soil carbon dynamics than those derived from simple monomers.
Microbial growth requires a stoichiometric balance between carbon and other elements (especially nitrogen and phosphorus; Frost et al. 2006; Nordgren et al. 1988; Sinsabaugh et al. 2009) . If the availability of other nutrients is below the stoichiometric requirements, there is a risk that excess carbon will be respired and converted into CO 2 (or excreted in the form of organic compounds) rather than being used for biosynthesis, leading to reduced CUE (Ågren and Bosatta 1987; Manzoni and Porporato 2009 ). Thus, prevailing nutrient regime and the stoichiometric balance between carbon and nutrient availability should be an important factor determining CUE of the soil microbial population. It is conceivable that some of the inconsistency in the CUE data available in the literature (Devevre and Horwath 2000; Drotz et al. b; Frey et al. 2013; Steinweg et al. 2008 ) is due to differences in metabolic conditions at the time of estimating CUE (cf. Martens 1985) . Principally, the main difference emanates from whether the conditions allow for microbial growth or not. This implies that CUE estimates are very dependent on the experimental conditions under which they were determined, for example, including factors such as amounts of substrate and nutrients added. Also under natural conditions soil substrate availability and nutrient regimes may vary considerably, both in space and time due to e.g. soil genesis, N deposition, plant species composition and phenology.
The aim of the study reported herein was to investigate how the CUE of saprotrophic microorganisms is affected by temperature and the complexity of the organic substrate. Further, we aimed at determine whether the CUE varies during the different metabolic phases as induced from addition and subsequent consumption of a carbon substrate together with required amounts of nitrogen and phosphorus. We incubated soil samples from the Ohorizon of a spodosol from a mixed boreal Scots Pine and Spruce forest at four temperatures (4, 9, 14, and 19°C) . The soil samples were amended with either a carbon monomer ( 13 C-glucose) or a carbon polymer ( 13 C-cellulose), and the CUE was calculated in each case by measuring the amount of respired 13 C-CO 2 and the synthesis of 13 C-labelled microbial biomass. Glucose is the single most common C-monomer derived from biopolymers. Carbohydrate polymers, including cellulose, normally constitute 40-45% of the O-horizon in boreal forests (Drotz et al. 2010b; Erhagen et al. 2013) , and glucose is the dominant monomer following cellulose hydrolysis. The 13 C-labelled substrates were added together with nutrients to allow unlimited growth (Nordgren 1992) .
Material and methods

Soil sampling and processing
The soil used in this study was collected in September 2011 from the Kulbäcksliden experimental area in the Vindeln Experimental Forest, which is located in northern Sweden (64°11'N. S 19°33'E). The samples were taken from the organic horizon (O-horizon) of a spodosol, which is one of the major soil types in boreal forests (Soil Survey Staff 2003) . The site was a mixed Scots pine (Pinus sylvestris. L.) and spruce (Picea abies. L.) forest. The ground vegtation was dominated by lingonberry (Vaccinium vitis idea) and bilberry (Vaccinium myrtillus) dwarf shrubs. The mean annual precipitation and temperature over the most recent climatic reference period were 523 mm and 1.2°C, respectively (Alexandersson et al. 1991) . Fresh litter and mosses were removed in the field and the samples were pooled to form a composite sample. In the laboratory, coarse roots and plant residues were removed and the soil was passed through a 5 mm mesh sieve, gently homogenizing the soil. Subsamples were dried at 105°C for 24 h to determine their dry mass, and the OM content was determined by loss on ignition (LOI; 550°C for 6 h). Prior to incubation, the water content of the fresh samples was adjusted to establish a water potential of -25 kPa, which is known to be optimal incubation conditions in similar soil samples (Ilstedt et al. 2000) . The OM content was 0.93 ± 0.004(SD)kg kg −1 with a C content of 0.53 kg kg , the C:N ration being 38. The composition of the OM (derived from CP-MAS 13 C NMR spectra) were as follow: alkyl C, 26%; methoxy−/N-alkyl, 6.5%; O-alkyl, 37%; di-Oalkyl, 11%; aromatic C, 9%; O-aromatic C, 6.6% and Carbonyl C, 4% (Erhagen et al. 2013 ).
Soil incubation and CO 2 production measurements A high-resolution respirometer (Respicond VI, Nordgren Innovations, Djäkneboda, Sweden) was used to measure hourly saprotrophic CO 2 production rates from soil samples (Nordgren 1988) . In the Respicond system, each incubation vessel is fitted with a small receptacle containing 10 ml KOH (0.5 M). All CO 2 produced inside the vessel gets trapped in the KOH solution, reducing its electrical conductivity. The conductivity of the KOH solution is measured using platinum electrodes and used to determine the rate of CO 2 production, which is expressed in units of mg CO 2 g
. The version of the Respicond used had four different insulated water baths set to 4, 9, 14, or 19°C. The temperature in the baths is highly controlled and target temperature is maintained at ±0.02°C (Erhagen et al. 2013) . 48 subsamples of soil (1 g OM dry weight (dw; corresponding to 1.06 g soil dw) were placed in 250 ml incubation vessels and incubated at one of four temperatures (4, 9, 14, or 19°C) . Twelve samples were incubated at each of the four temperatures; six were amended with 13 C-glucose and six with 13 C-cellulose (see below).
Carbon substrate additions and sampling for CUE determination After a stable basal rate of respiration had been established (ca 200 h after the start of the incubation), 50 mg C of uniformly 13 C-labelled glucose (IsoLife B.V., Wageningen, Netherlands; >96% labelled) was added to half of the incubation vessels at each temperature and 50 mg C of uniformly 13 C-labelled cellulose (IsoLife B.V., Wageningen, Netherlands; >96% labelled) was added to the other half. The added amount of C thus corresponds to 10% of the organic C in the incubated sample. Alongside the labelled carbon substrates, nitrogen (NH 4 ) 2 SO 4 and phosphorus ( KH 2 PO 4 ) were added to all of the vessels to establish a C: N: P mass ratio of 182:13:1 and thereby ensure the availability of sufficient nutrients to avoid limiting microbial growth . Glucose and cellulose were added as a fine powder and gently mixed with the soil samples to minimize disturbance , while the nutrients were dissolved in water before injected into the soil samples. The amount of addition of 13 C-glucose and 13 C-cellulose was chosen according to earlier work (Bergman et al. 1999; Lundberg et al. 2001; Drotz et al. 2010a) representing unlimited substrate supply for the microbial community as well as allowing for identification of new synthesized 13 C-products based on the intensity differences between the 13 C addition and the natural abundance in the background soil (Drotz et al. 2010a) . Both the consumption of the added 13 C labelled substrate and the synthesis of new 13 C labelled microbial biomass were followed by 13 C MAS NMR spectroscopy using samples from the soil incubations. For each of the labelled substrates, i.e.
13
C glucose and 13 C cellulose, 6 replicate soil samples were incubated at each temperature (see below). This made it possible to analyze both the consumption of the added 13 C labelled substrate and the synthesis of new 13 C labelled microbial biomass at six different points in time both during and after conditions of unlimited growth. The exact timing of soil sample collection for the analysis of substrate consumption and synthesis of 13 C labelled compounds was determined based on the real-time data on total CO 2 production generated by the Respicond system (Fig. 1) . The first two samples for the 13 Cglucose experiments were collected during the phase of unlimited growth. The time interval representing logarithmic growth, i.e. the phase used to estimate specific growth rate (SGR), was identified as the period with linear increase of log-transformed respired CO 2 , following Nordgren (1988) . The third sample was collected when the CO 2 production peaked (For 19°C the peak sample was missed, resulting in one additional sample after the peak) and the last three were collected at various points while the rate of CO 2 production declined. In the 13 C-cellulose experiments the number of samples collected for analysis varied because the decomposition of the 13 C-cellulose was slow and because limited time of access to NMR only allowed analysis of a subset of time points. At 19°C the following samples were analyzed SGR1 (specific growth rate, SGR), AP1 (after peak), AP2, AP3. At 14°C following samples were analyzed: SGR1, AP1, AP2, AP3, and AP4. At 9°C three samples were analyzed: SGR1, AP1 and AP4. At 4°C the following samples were analyzed: SGR1, Peak, AP1, AP2, AP3. AP4, and AP5. Immediately after each vessel being removed from the Respicond, the samples were added and thoroughly mixed with 500 μl of 0.5% NaN 3 (Wolf et al. 1989) and stored in a freezer at −20°C until required for NMR analysis. The addition of NaN 3 was done to inhibit further microbial activity (Drotz et al. 2010a) . C-glucose as the added carbon source. The arrows indicate the points in time and the corresponding metabolic phases at which samples were collected in order to determine the amount of respired 13 CO 2 , the amount of 13 C-labelled substrate remaining and the amount of newly synthesized 13 C-labelled compounds. In order to determine whether there were any statistically significant differences between the different metabolic phases in terms of CUE the samples were divided into two groups: a group consisting of the samples (specific growth rate) SGR1, SGR2, and peak samples; and a group consisting of the (after peak) AP1, AP2, and AP3 samples 13 C magic-angle spinning NMR A Varian/Chemagnetics CMX400 spectrometer with a 13 C operating frequency of 100.72 MHz was used to analyze the incubated soil samples for microbial compounds synthesized from the added substrates. Prior to NMR analysis, the soil was thawed and the wet samples were packed into 4-mm MAS rotors. The packed rotors were then placed in the spectrometer's magnet and spun at 8 kHz at the magic angle (54.7°) to remove inhomogeneous broadening. The 13 C spectra were collected with direct polarization using an 11 μs 90°pulse followed by continuous wave 1H decoupling at 48 kHz during acquisition. The acquisition time was 41 ms with a relaxation delay of 4 s, and 3800 scans were accumulated. To remove the small 13 C background signal originating from the natural 13 C content of the soil and the Teflon spacers within the MAS rotor, a free induction decay (FID) was recorded for a soil sample with no added 13 C labelled compounds. This FID was then subtracted from the sample FIDs prior to Fourier transformation.
Identification of the compounds observed by 13 
C MAS NMR
Several literature sources were used to determine the composition of the 13 C-labelled microbial compounds that were identified in the 13 C MAS NMR experiments (Fan and Lane 2008; Sattler et al. 1999; Strandberg et al. 2001) . In the spectra the acyl chain region agreed well to the chemical shift of the phospholipid dioleoylphosphatidylcholine (DOPC) (Strandberg et al. 2001 ) and the presence of a carboxyl signal at 172.3 ppm showed that these fatty acids formed from the labeled substrate were ester bound to a backbone and not free fatty acids. The acyl chain in the lipids had the following chemical shifts with reference to the corresponding 18 carbons along the oleoyl chain: 14.7 ppm (C18), 23.3 ppm (C17), 25.5 ppm (C3), 27.9 ppm (C8 and C11), 30.3 ppm (C4-C7 and C12-15), 32.5 ppm (C16), 34.4 ppm (C2), 130.5 ppm (C9-C10), and 172.3 ppm (C1).
C-CO 2 NMR analyses
The production of 13 C-CO 2 during the incubation experiments was determined by performing solution 13 C NMR analyses of the KOH solutions from the Respicond apparatus. A subsample (250 μl) of the 10 mL of KOH solution in the Respicond was mixed with 250 μl of a stock solution containing 1.00 M potassium acetate and 20% D 2 O in a 5 mm NMR tube (giving a final potassium acetate concentration of 0.5 M in the NMR tube). Quantitative 13 C NMR analyses were performed using a Bruker Avance III HD 600 MHz spectrometer equipped with a 5 mm TCI HCP cryoprobe with cold 13 C and 1 H preamplifiers. The carbon spectra were acquired at 150.9 MHz using a 90°1 3 C excitation pulse of 15.5 μs followed by low power 1 H WALTZ16 decoupling of the acetate protons during acquisition. To enable quantitative analysis of the carbon signals, the relaxation delay was set to 300 s because of the long T 1 relaxation time of the carbonate (T 1 = 55 s as determined by an inversion recovery experiment). In addition, the 13 C carrier was centered between the acetate peak at 181 ppm and the carbonate signal at 168 ppm to guarantee equivalent excitation. Using these settings, a signal-to-noise ratio of about 140:1 was typically achieved after 8 scans for the 500 mM acetate reference at natural abundance, with a similar or better signal to noise ratio for the 13 Cenriched carbonate of interest. The actual 13 C carbonate content was then calculated by signal integration, using appropriate scaling factors to account for the effects of dilution and the natural abundance of 13 C in the acetate reference material.
Data analysis
The CUE was determined according to Drotz et al. (2010a) , using the 13 C MAS NMR data to determine the mass of carbon in the newly synthesized 13 C-compounds (i.e. after subtracting the signal of the added substrate) and the solution-phase NMR data to measure the amount of 13 C-CO 2 produced:
The consumption of substrates and production of synthesized 13 C compounds over time were evaluated by regressions using a best-fit approach. The consumption of glucose and cellulose were best described by a negative exponential function, while the production of new compounds were best described by a logarithmic function where rates of increase leveled off at the end of the incubations. In some cases, especially at the lower temperatures, the change over time could be equally well explained by a linear function. However, since it is likely that the responses observed still were in the linear part of a logarithmic relationship (and that rates would level off if we had incubated over longer times), the logarithmic functions were used to maintain consistency.
A Students t-test was used to evaluate differences in CUE based on substrate type (averaged over all metabolic phases). A two-way ANOVA was then performed for each substrate to investigate the combined effect of temperature and metabolic phases (Fig. 1) on CUE. The CUEs before and at the peak (i.e. SGR1. SGR2 and peak samples; Fig. 1 ) were compared to those observed after the peak (i.e. AP1, AP2 and AP3; Fig. 1 ). In the twoway ANOVA the CUE values were treated as dependent variable and temperature and metabolic status as independent variables, and also the interaction between the independent variables were included in the model. The statistical analyses were performed using JMP 10.0 (SAS Institute Inc., Cary, NC, USA).
Results
Carbon use efficiency
The CUE values averaged over all metabolic phases for microbial populations supplied with the carbon monomer ( 13 C-glucose; average 0.70 ± 0.11SD, n = 6) were significantly higher (p = 0.001) than those for samples supplied with a carbon polymer ( 13 C-cellulose; average 0.55 ± 0.13SD, n = 6)), as well as during the period of exponential growth (SGR; p = 0.01, n = 12) and after the peak (p = 0.007, n = 12). In the glucose experiments, the CUE up to to peak respiration was 0.78 (±SE 0.02) while that for the cellulose experiments was 0.68 (±SE 0.01, n = 4). After the rate of respiration had peaked, the average CUE for the glucose experiments was 0.62 (±SE 0.07, n = 11) while that for cellulose was 0.51 (±SE 0.03). In addition, the CUE before the rate of respiration peaked was consistently higher than that after the peak for both substrates (p < 0.001 for glucose and p = 0.008 for cellulose).
In glucose amended samples there was trend in decreasing CUE with increasing temperature, but only in the range from 9 to 19°C, as revealed by their correlation (r = −0.5; p = 0.05; Fig. 2a ). For cellulose CUE no correlation between temperature and CUE could be observed. (Fig. 2b) . Analyzing the combined effect of temperature and metabolic phase on CUE in the glucose amended samples (two-way ANOVA; R 2 = 0.58) the metabolic phase contribute significantly (p < 0.001), while temperature did not (p = 0.19). Confining the analysis to the temperature range of 9 to 19°C, where CUE and temperature were correlated, did not change this picture (although the p-value for temperature decreased to 0.13). The same pattern was revealed for cellulose CUE (R 2 = 0.34) where metabolic phase contributed significantly (p = 0.01) while temperature did not (p = 0.52). The interaction term between temperature and metabolic phase was not significant for either of the two models. C-labelled microbial compounds resulting from new microbial synthesis were quantified by integrating the NMR spectra's (Tables 1 and 2 ). During the incubation experiments, the decline in the measured concentrations of the labelled glucose correlated well with predictions based on the assumption of a negative exponential function at all studied temperatures (Fig. 3a) . Notably, the amount of the labelled glucose was still quite high (7 mM) when the rate of respiration peaked and the rate of CO 2 production became substrate-limited. The main compounds synthesized by the microorganisms using the labelled material were polymeric carbohydrates and acyls (lipids) (Tables 1 and 2 ). The chemical shift observed in the NMR spectra in the acyl region in samples amended with glucose corresponded well to those of phospholipid fatty acids (PLFAs) (Drotz et al. 2010a ). The increase in 13 C-lipid concentrations in the soil samples over time could best be explained by a logarithmic function (Fig. 3b) . There was an evident production of C1 (α) carbohydrate polymers from the added glucose, but there was no significant relationship between the measured amount and time (Table 1) . When 13 C labelled cellulose was used as a substrate, its abundance declined over time, as the 13 C-cellulose was decomposed (Fig. 3c) . The amount of 13 C-cellulose at 19°C and 4°C respectively decreased significantly according to a negative exponential function (p = 0.003, n = 4; p = 0.006, n = 6; Fig. 3c ) but not during incubations at 14°C or 9°C. The production of lipids resulting from the decomposition of cellulose increased significantly according to a logarithmic function at 4°C but not at the other temperatures (Fig. 3d) . At the end of the incubations 55-60% of the added 13 C-cellulose remained intact, while the corresponding amount of 13 C-glucose was 10% (Table 2 ).
Discussion
Our results show that the substrate complexity and microbial metabolic state exert master controls on CUE while temperature has a minor influence. This observation is also analogue to the results indicated by Martens (1985) after addition of 14 C labelled glucose and cellulose to clay rich mineral soil samples, where a relatively larger fraction of the substrate was observed in microbial biomass from glucose, as compared to cellulose (although results were somewhat confounded by the fumigation technique used to account for microbial biomass). The significantly lower CUE for a carbon polymer than for a carbon monomer is in accordance with the general understanding that more complex compounds require more energy for decomposition and, thus, yield a lower overall CUE (Ågren et al. 2001; Manzoni et al. 2012) . The higher energy demand associated with mineralization of polymers, in comparison to monomers, emanates from the requirement of exoenzyme production enabling polymer hydrolysis prior to uptake (Manzoni et al. 2012 ). Another substrate related difference when comparing CUEs from monomers with polymers relates to substrate supply rate, which conceivably is higher for glucose than for cellulose, since the latter is dependent on diffusion of expenzymes to the susbstrate surface, the concomitant hydrolysis and then diffusion of the liberated glucose (or cellobiose) to the cell before it can be used metabolically. A low substrate supply rate results in a higher fraction of the available substrate being metabolically used for maintenance, rather than growth. This also agrees well with decreasing CUEs with time in glucose amended soil samples as samples move towards substrate limitation.
It is likely that the CUE values determined by using polymeric substrates in incubation experiments will be more directly relevant to the decomposition of SOM under field conditions than those obtained using monomeric substrates because practically all soil carbon exists as polymers. Indeed, models of SOM decomposition based on studies that use monomers alone may overestimate a CUE value (Sinsabaugh et al. 2013) , which agrees with our findings with the CUE of glucose being significantly higher than of cellulose. Another substrate quality-related factor that affects the CUE is that different monomers are metabolized via different metabolic pathways and therefore yield different respiration rates per unit carbon assimilated, i.e. CUE (Gommers et al. 1988; Gottschalk 1986; Manzoni et al. 2012; van Hees et al. 2005) . However, in this study the compounds taken up by the microorganisms would have been either monomeric glucose or cellobiose produced by the enzymatic cleavage of cellulose. It is therefore likely that the metabolic pathways used to degrade the monomer would have been very similar to those for the polymer (Gottschalk 1986 ).
We also found that CUE varied substantially with different metabolic phases for both monomeric and polymeric substrates (Fig. 2, Tables 1 and 2 ). In general, the CUE observed during exponential growth conditions, i.e. before the CO 2 production peaked were significantly higher than those after the peak. This highlights the importance of substrate availability and stoichiometric relations to other essential elements (e.g. N, P) on metabolic partitioning (Spohn 2014; Sterner and Elser 2002) and should be considered when estimating and extrapolating empirically derived CUE a All carbohydrate calculations are based on the well resolved anomeric C1 signal integral multiplied with 6 implicitly assuming hexose monomers b The samples collected for analysis of the consumption and synthesis of 13 C labelled compounds. The time for sample collection was determined based on the real-time data on total CO 2 production generated by the Respicond system (Fig. 1) c The time in hours of the incubation before being removed from the Respicond and sterilized by addition of sodium azide (NaN 3 ) d The incubation temperature in°C e The amount of glucose derived for the NMR spectra from the sum of C1(alpha) (92.9 ppm) and C1(beta) (96.9 ppm) f The amount of polymeric carbohydrates with C1(alpha) → C4 linkage (100.7 ppm) e.g. starch and glycogen values. The rate of utilization of glucose decayed exponentially towards the end of the experiment (Fig. 3a) indicating that the rate of respiration had become limited by substrate availability. It should be noted that even if substrate availability was limiting metabolism the glucose concentration in the soil solution was still relatively high at around 7 mM. This may reflect a limitation arising from the constraints on e.g. substrate diffusion through the soil matrix, which might explain why the CUE decreased over time after CO 2 production peaked (Hall and Cotner 2007) . In contrast, the rate of utilization for the polymer decreased more linearly (Fig. 3c) over time, suggesting that conditions of substrate supply was more uniform over the course of the incubations as compared to the samples amended with glucose.
Concerning the effect of temperature on CUE there was a significant apparent decrease in CUE after adding glucose when going from 9 to 19°C and this agrees with the general theory and with other studies (Farmer and Jones 1976; Frey et al. 2013; Hall and Cotner 2007; Steinweg et al. 2008) . However, for the carbon polymer The samples collected for analysis of the consumption and synthesis of 13 C labelled compounds, which was determined based on the realtime data on total CO 2 production generated by the Respicond system (Fig. 1) c The time in hours of the incubation before being removed from the Respicond and sterilized nitrate acid (NaN 3 ) d The incubation temperature in°C e The amount of polymeric carbohydrates derived for the NMR spectra with C1(beta) → C4 linkage (104.0 ppm) e.g. cellobiose and cellulose f The amount of alkyl-C derived from the alkyl carbon region (integrals within, 0-50 ppm) e.g. lipids g The total amount of 13C detected in the samples by NMR after subtracting the amount of remaining glucose h The amount of 13 C-CO 2 trapped in the KOH and analyzed by 13 C-NMR i The amount of 12 C-CO 2 calculated as the difference between the amount of 13 C-CO 2 and the total accumulated CO 2 j The calculated CUE (Eq. 1) ( 13 C-cellulose) there was no significant effect of temperature on CUE. Such contradictory results have also been described by Steinweg et al. (2008) and Frey et al. (2013) , who observed a decreased CUE for the decomposition with increased temperature, while Frey et al. (2013) also found that the CUE values for soil samples amended with glucose or oxalic acid did not change with the temperature. In addition, Drotz et al. (2010a) reported that the CUE of glucose exhibited no temperature dependence at temperatures of +9, +4 and -4°C. Our results clearly reveals the seemingly Bapparentê ffect of temperature on CUE in fact emanates entirely from an indirect temperature effect through shifting the metabolic phases in time. For example, after substrate addition to samples at high temperatures the microbial community will go through the metabolic phases more rapidly as compared to samples at lower temperatures. The use of two-way ANOVA clearly revealed that after accounting for the effect of metabolic phases there was no effect from temperature at all on the CUE. The use of 13 C MAS NMR spectroscopy allowed us not only to quantify the anabolic activity of the soil microorganisms but also enabled us to determine which compounds had been synthesized. The allocation of the labelled carbon to new microbial synthesized compounds was relatively temperature independent aside from the longer time constants observed for the lower temperatures. Ladd et al. (1981) found that after amending mineral soil samples with 14 C labelled plant biomass, the amount of label detected as microbial biomass quickly increased during the initial 4 weeks of incubation and peaked after 4-8 weeks. This is consistent with our observation of microbial incorporation of the 13 C-cellulose that typically leveled off after 3-4 weeks. The distinguishable compounds that are most strongly associated with microbial growth are membrane lipids (PLFAs, Drotz et al. 2010a.) . During the incubation experiments the concentration of 13 C-labelled lipids initially increased rapidly but then typically leveled off towards the end of the incubation (Fig. 3b, c) . In addition significant amounts of the labelled substrate taken up by the microbes were used to produce polymeric carbohydrates (Table 1) . These compounds were not subsequently broken down and converted into CO 2 ; it is possible that their synthesis was due to the formation of new microbial cells or the production of storage compounds such as glycogen (Lundberg et al. 2001) or intermediate metabolites. These storage compounds might subsequently be used for respiration and growth if other nutrients become available allowing the continued synthesis of new microbial biomass (Lundberg et al. 2001 ). This suggestion is consistent with the gradual decline in the abundance of these polymeric carbohydrates towards the end of the incubation experiments. The potential for these storage compounds to be used in catabolic reactions producing CO 2 at some later stage after they have been synthesized may introduce bias into over estimating CUE values and might be responsible for some of the differences in the calculated CUEs for different metabolic phases. The average CUE for the monomeric substrate (glucose) used in this study was around 0.7 (with a range from 0.5 to 0.9), being relatively high but still consistent with results obtained in previous studies on soil microorganisms utilizing glucose (CUE = 0.4 to 0.8; Dijkstra et al. 2011a; Frey et al. 2013; Shields et al. 1973; Thiet et al. 2006) . The production of C1(β) polymeric carbohydrates ( i.e. cellobiose and cellulose) (Tables 1 and 2 ) also increased rapidly during the early stages of the incubations at all temperatures but later leveled off.
It is recognized that SOM to large extent is comprised of living and dead microbial biomass (Baldock et al. 1990; Miltner et al. 2012) . Thus, correctly accounting the CUE of soil microbes are integral for understanding SOM dynamics, both during mineralization of e.g. plant material entering the soil system as well as recycling of microbial necromass. The results from this study allow us to draw three main conclusions regarding the CUE of soil microbes. The first relates to the quality of the carbon substrate since the CUE for a carbon polymer was found to be lower than that for the corresponding monomeric constituent. This finding emphasizes the importance of preferably assessing CUE of polymeric substrates, rather than exclusively focusing on monomers, in order to be relevant for natural conditions. The second is that the metabolic state at the time of sampling significantly affects the estimated CUE and should therefore be recorded when conducting studies of this sort. The third is that the CUE was dependent on the temperature for the monomeric substrate, with a reduction of CUE, when going from 9°C to 19°C. For the polymeric substrate CUE was not dependent on temperature.
